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IntrODuctIOn
r esin-based dental composites generally consist of a mixture of monomers, such as bisGMA (bisphenol-A-diglycidyl-dimethacrylate) or UDMA (urethane-dimethacrylate) in combination with co-monomers of lower viscosity, such as TEGDMA (triethylene-glycol-dimethacrylate). Composites allow for more conservative, esthetic, and desirable dental restoration techniques compared with amalgam. These advantages generally outweigh the risks of local toxicity and allergic reactions seen in laboratory experimental settings (Bakopoulou et al., 2009 ). However, the possibility of systemic adverse effects has not been thoroughly investigated.
Methacrylate monomers may have endocrine effects. Laboratory experiments in mice administered bisGMA and TEGDMA showed significant reductions in fertility and growth (Al-Hiyasat and Darmani and Al-Hiyasat, 2006) . BisGMA-based composites may release bisphenol A (BPA), possibly due to impurities from the synthesis process or resin degradation (Van Landuyt et al., 2011) . BPA has both estrogenic and anti-androgenic effects (Mendiola et al., 2010; Melzer et al., 2011) . Numerous rodent experiments have shown that BPA exposure during early development stimulates growth and alters weight gain, body composition, and pubertal development (Richter et al., 2007; Nah et al., 2011) . Some studies could not demonstrate chemical or biological hydrolysis of bisGMA to BPA, and further research is needed to understand the possible mechanisms of BPA exposure resulting from bisGMA-based dental composites (Schmalz et al., 1999; Söderholm and Mariotti, 1999; Bakopoulou et al., 2009) .
Compared with adults, children are likely to have greater exposure to monomers released from dental materials and increased vulnerability, due to their size and developmental stage (Scheuplein et al., 2002) . Previously, we reported findings that children treated with bisGMA-based composites had more self-reported psychosocial problems after 5 yrs of follow-up, compared with children assigned amalgam (Bellinger et al., 2008; Maserejian et al., 2012) , a finding consistent with those of prior studies on neuropsychological effects of BPA (Palanza et al., 2008; Braun et al., 2009; Yu et al., 2011) . In this article, we present additional data from a randomized clinical trial of dental amalgam and composites to test the hypotheses that: (i) randomization to treatment with composites led to greater changes in body fat, body mass index (BMI), and height velocity, compared with amalgam; (ii) greater treatment levels of bisGMA-based composites or UDMA-based compomer, but not amalgam, were associated with these growth outcomes; and (iii) as exploratory analyses Dental composites and Amalgam and Physical Development in children among girls, treatment assignment was associated with age at menarche.
MEthODs
Data were collected as part of the New England Children's Amalgam Trial (NECAT), a randomized safety trial of amalgam with 5-year follow-up conducted from 1997 to 2006. Children (N = 534) aged 6 to 10 yrs at baseline were recruited in 1 rural (Farmington, ME) or 5 urban (Boston, MA) clinical sites. Eligibility criteria included: ≥ 2 posterior teeth with caries requiring restoration on occlusal surfaces, no prior amalgams, English language proficiency, and, by parent-report, no physiciandiagnosed psychological, behavioral, neurological, immunosuppressive, or renal disease. Written informed consent/assent was obtained from parents/children. The study was approved by the Institutional Review Boards of all participating sites. Details of study procedures have been published (Children's Amalgam Trial, 2003; Bellinger et al., 2006) .
Children were randomized to a treatment plan of amalgam or resin-based composites for posterior tooth restorations ( Fig.) at baseline and through follow-up. Randomization was stratified by number of teeth with caries (2-4 vs. ≥ 5) and rural/urban location. Children assigned to composites were treated with bisGMAbased composite (Z100, by 3M ESPE, St. Paul, MN, USA) for permanent teeth and UDMA-based compomer (Dyract AP, by Dentsply Caulk, De Trey, Konstanz, Germany) on primary teeth. Compomer is a polyacid-modified composite containing 72% (by weight) strontium-fluorosilicate-glass to allow for fluoride release. In the amalgam arm, posterior teeth were treated with Dispersalloy (by Dentsply Caulk, Milford, DE, USA); anterior teeth were treated with compomer/composite as in standard practice. Children in the amalgam group and those with greater amalgam treatment levels were found to have higher urinary mercury concentrations during follow-up (Bellinger et al., 2006; Maserejian et al., 2008) . Prior studies have shown that Z100 composite released BPA, bisGMA, bisDMA, and BADGE (Pulgar et al., 2000; Al-Hiyasat et al., 2004; Ortengren et al., 2004; Yap et al., 2004; Martin et al., 2005; Sasaki et al., 2005) . Dyract did not release detectable BPA or bisGMA in eluates from filled tooth samples (Hamid et al., 1998) . Urine/blood specimens collected and analyzed for mercury content were discarded, per protocol, upon NECAT's completion, and were therefore unavailable for measurement of BPA concentration.
NECAT data collectors measured height, weight, and body fat percentage annually. Height was measured with a tape measure and ruler and was recorded to the nearest tenth-inch. Weight and body fat percentage were measured on a bio-impedance scale (model TBF-551, Tanita Corp. of America, Inc.) (Rubiano et al., 1999) that was routinely calibrated. Menarche status was reported annually as no/yes, and if yes, month and year of menarche. Body mass index (kg/m 2 ) and BMI-for-age z-score were calculated based on the Centers for Disease Control (CDC) data files, which define overweight or obese as BMI-for-age z-scores ≥ 85 th percentile (Ogden et al., 2006; Krebs et al., 2007) . To measure accelerated growth in height, height velocity was calculated as the change in height between consecutive annual measurements.
statistical Analysis
The analyses included 474 children (218 males and 256 females), representing 89% of the 534 randomized participants, with complete data on growth outcomes and no self-reported gastrointestinal disorders (e.g., colitis) that may affect nutritional absorption. Exposure to dental materials was analyzed primarily as intentto-treat randomized group analysis, and secondarily as observational treatment-level analyses. The primary outcomes for growth were changes in BMI-for-age z-score, body fat percentage, and height velocity. Associations were examined separately for boys and girls, given established sex differences in growth patterns and the possibility that endocrine-disrupting chemicals have sex-specific effects. The analysis had 80% power to detect differences between treatment groups of a mean change in BMI of 1.3 in boys and 1.2 in girls, change in BMI-for-age z-score of 0.3 in boys and 0.2 in girls, and change in body fat percentage of 3.7% in boys and 2.9% in girls.
For descriptive purposes, age-adjusted means for growth measures were obtained with generalized linear models. For the primary analyses, we used linear mixed-effects models with repeated measures of growth outcomes with subject-specific intercepts and age-specific slopes. We created each multivariable model by considering numerous factors related to growth (listed in Table 1 ) and used a backward elimination process to retain those with p < 0.10 that altered the association between dental material and the growth outcome by > 10%. Piece-wise linear splines were included in the mixed-effects models when significant.
To test whether the assigned treatment arm was associated with growth outcomes, we adjusted the models for randomization stratum, age, and the relevant baseline anthropometric measure. We examined 'received treatment' levels by creating separate models for UDMA-based compomer and bisGMAbased composite on posterior-occlusal tooth surfaces. A surfaceyears exposure metric (each treated surface weighted by yrs present in the mouth during follow-up) was calculated for each material. To evaluate the potential for confounding by factors related to severity of dental disease, we conducted the same analyses for amalgam treatment levels separating primary and permanent tooth fillings, thereby allowing for parallel comparisons with the randomly assigned amalgam data.
Exploratory analysis of age at menarche was restricted to girls from the rural Maine site, because menarche data collection was incomplete in the Boston site. Proportional hazards models were used to assess (1) randomized treatment arm and (2) levels of each treatment material received at baseline on posterior-occlusal surfaces. The proportional hazards assumption was tested with an interaction term between exposure and time, which indicated no violation of proportional hazards. Multivariable models considered adjustment for age, body fat percentage, birth weight, maternal education, household income, race/ethnicity, and randomization stratum. The final models retained age, birth weight, and income. With a total of 113 girls in a log rank test of proportions, there was 80% power to detect a hazard ratio of 0.50 when the treatment groups were compared. Statistical analyses were conducted at significance level alpha = 0.05 with SAS v.9.2 (Cary, NC, USA).
rEsults
Children assigned to the composites treatment plan were similar to those in the amalgam group in age, race/ethnicity, socioeconomic status, and baseline anthropometric measures (Table 1) . The numbers of boys and girls were similar in the amalgam group, but there were more girls (58%) than boys in the composites group. Overall, the mean (SD) number of fillings placed at baseline was 8.8 (SD 5.5) surfaces, with more fillings placed on primary vs. permanent teeth (Appendix Table) . Over the 5-year follow-up, children had, on average, about 1 new decayed surface per yr, accumulating a mean (SD) 36.6 surface-years exposure to dental restorations, with no significant differences by assigned treatment. At baseline, 35% of boys and 32% of girls in NECAT were overweight or obese. The prevalence of overweight/obesity increased by the last study visit (when participants were ages 11-15 yrs) to 43% of boys and 47% of girls. There were no associations between treatment group and changes in body fat percentage, BMI-for-age z-score, or height velocity throughout follow-up in either boys (Table 2a) or girls (Table 2b ). Adjustment for additional covariates or excluding children with prior composite fillings did not appreciably change the results (data not shown). In secondary analysis of level of treatment received by material type, there were no associations with increasing levels of treatment with bisGMA-based composite or amalgam on permanent teeth (data not shown). Among both girls and boys, greater treatment levels on primary teeth were associated with greater changes in body fat percentage (boys, β = 1.9, 95% CI 0.4-3.3, p = 0.01; girls, β = 1.4, 95% CI 0.4-2.4, p = 0.005). However, results were comparable with those for amalgam (boys, β = 1.6, 95% CI 0.4-2.9, p = 0.01; girls, β = 1.7, 95% CI 0.6-2.8, p = 0.003), suggesting that the increased body fat percentage was independent of the dental material used for treatment.
Exploratory analyses of menarche, limited to the 113 girls from the rural Maine site (Table 3) , found that girls assigned to composites (n = 62) were less likely to have reached menarche (48% vs. 67%) and had a lower risk of menarche (multivariableadjusted hazard ratio = 0.57, 95% CI 0.35-0.95, p = 0.03) during the 5-year follow-up, compared with girls assigned to amalgam. However, among the 64 girls who reached menarche, the mean age at menarche was not significantly different by treatment assignment (composites, 12.5 ± 1.1 yrs; amalgam, 12.3 ± 1.0 yrs; multivariable-adjusted p = 0.48). There were no associations among greater bisGMA-based, UDMA-based, or total composite (p = 0.29) treatment levels received at baseline and onset of menarche during the follow-up period (data not shown). Results were similar in sensitivity analyses limited to girls (n = 109) with no prior composite restorations.
DIscussIOn
This secondary analysis of a randomized trial of amalgam and composites found no evidence of associations between dental restoration material and changes in BMI, body fat percentage, or height velocity among children through 5 yrs of follow-up. Girls assigned to composites tended to have slightly greater increases in BMI and body fat percentage compared with girls assigned to amalgam, but the differences were not statistically significant. The finding that greater treatment level on primary teeth was associated with greater increases in body fat percentage over follow-up was observed for both treatment groups. Thus, overall, children who received composite or amalgam restoration materials experienced similar growth during the study period.
A limitation of this study is the lack of biomarker data on the children's exposure to monomers used in dental composites. Numerous experimental studies have shown that the bisGMAbased composite resulted in bisGMA, TEGDMA, and BPA release (Pulgar et al., 2000; Al-Hiyasat et al., 2004; Ortengren et al., 2004; Yap et al., 2004; Sasaki et al., 2005) , and one small study found that children's urinary BPA concentrations remained elevated 14 days post-treatment (Martin et al., 2005) . Chronic low-dose exposure to these resins over the life of the restoration is plausible, because chemical and mechanical interactions in the oral environment cause degradation over time, allowing unpolymerized monomers to leach out (Van Landuyt et al., 2011) . However, the quantity and duration of resins released in or absorbed by the human body after the placement of dental materials and during the entire life of the restoration in the mouth have not been adequately studied.
A strength of the current study is that repeated measures of growth and development, with detailed longitudinal data on dental treatments, were collected prospectively through 5 yrs of follow-up. Moreover, the randomized trial design ensured no self-selection in dental treatment materials, minimizing the possibility of confounding for intent-to-treat analyses. In analyses of received treatment levels, separating bisGMA-and UDMAbased composites, we had the unique advantage of conducting *Percentage of girls who reached menarche during follow-up, among girls in that age category at baseline. †Among those who had menarche during the study period. ‡Self-reported by mother during the baseline study interview.
parallel analyses using the amalgam group primary/permanent teeth data. This comparison indicated that the observed associations between UDMA-based compomer and greater increases in body fat were attributable to confounding by factors related to severity of dental disease on primary teeth, rather than to dental treatment itself. Plausible factors underlying these associations include diet, such as consumption of sugar-sweetened beverages (Blum et al., 2005; Ebbeling et al., 2006) . NECAT did not collect detailed dietary data. Nevertheless, in the primary analysis of randomized treatment group, the groups were balanced in dietary intakes of general food groups, such as fruits/vegetables and fish. Our analysis of age of menarche was exploratory and had several limitations. The menarche analysis was restricted to a small number (n = 113) of girls from one geographic stratum (rural Maine). NECAT did not have a sufficiently long followup period to determine age of menarche for all female participants. Although the median age at menarche of 12.5 yrs in NECAT was similar to that reported in NHANES 2001 (Parent et al., 2003) , our calculation of age at menarche excluded 43% of the girls, because they were pre-menarcheal at the end of the study (their median age was 12.1 yrs at study's end). Given the higher obesity prevalence in NECAT, it is interesting that menarche did not occur earlier in NECAT compared with the general population (Ogden et al., 2006) . In the survival analysis, girls assigned to composites had a lower risk of menarche during the follow-up period. However, there was no association between received treatment level of composites and menarche.
Mercury has also been implicated as an endocrine disruptor (Tan et al., 2009) . The only known published study of mercury exposure and menarche concurrently measured fasting blood mercury concentrations and self-reported menarche (yes/no) among 138 girls aged 10 to 16.9 yrs old in the Akwesasne Mohawk Nation (U.S. and Canadian border). Higher mercury concentrations were associated with higher odds of a girl's having reached menarche, but the association was not significant after adjustment for age and socio-economic status (Denham et al., 2005) . Interactions among various environmental exposures, diet, and genetic susceptibility may together determine onset of puberty and age of menarche (Parent et al., 2003) . Thus, analysis of these exploratory NECAT data helps inform hypotheses for future testing in larger samples, rather than providing tenable conclusions. Additional studies of environmental contributors to menarche are necessary.
In summary, there were no associations between composite dental materials and physical development, including changes in BMI, body fat percentage, and height velocity, over 5 yrs of follow-up. Numerous genetic, dietary, environmental, and behavioral factors determine physical development and weight changes. In the context of these other predictors of physical development, the effects of resin-based dental materials, if any, may be difficult to discern. Nonetheless, there is compelling evidence that chemical monomers shown to have adverse effects in experimental studies are released from resin-based dental materials, and additional studies on the safety of these materials are warranted. As new resin materials are developed, a combination of toxicological, endocrinological, and epidemiological studies should monitor their safety and their potential to be exposure sources of endocrine-disrupting chemicals.
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